restrict communication to the atmosphere. As a result, gas pressures in the vadose zone will change more slowly respectively. Similar water potential fluctuations are observed from advanced tensiometers measuring sediments and basalt in the vadose zone (Sisson and Hub-
T emporal fluctuations in barometric pressure can bell, 1999). At sites with closely spaced wells and/or significantly complicate measurement of water level small gradients, barometric induced fluctuations in meain unconfined aquifers, particularly where the vadose sured water level may significantly impact estimates for zone is thick or contains low permeability zones. First, the magnitude and direction of hydraulic gradient. water levels are commonly measured using differential Spane (2002) presented several examples representative pressure transducers referenced to barometric pressure of the Hanford Site, where barometric induced fluctuaat the wellhead. Second, unsealed observation wells protions could lead to estimation errors of up to 180Њ for vide a direct connection to atmospheric pressure changes, groundwater flow direction, and a factor of four for the while the surrounding aquifer is partially buffered by hydraulic gradient. the intervening vadose zone materials. Thus, water lev-A number of authors have suggested numerical methels in the well may not be at equilibrium with the aquifer, ods for correcting water level data by first estimating, leading to inaccurate measurements. Accurate water level then removing the influence of barometric pressure flucmeasurements are particularly important at sites with tuations (e.g., Clark, 1967; Weeks, 1979; Rojstaczer, closely spaced wells, small hydraulic gradients, high trans1988a Rojstaczer, closely spaced wells, small hydraulic gradients, high trans , 1988b Rojstaczer and Agnew, 1989 ; Furbish, missivity, and/or low storage coefficients, all of which 1991; Rasmussen and Crawford, 1997; Spane, 2002) . To are issues of concern at the Idaho National Engineering do so, one must have both an accurate record of baroand Environmental Laboratory (INEEL) . metric pressure at the wellhead and adequate models for The effects of barometric fluctuations on water table the relevant transfer functions. However, most existing measurements have been documented by numerous auapproaches employ a single constant (barometric effithors (e.g., Jacob, 1940; Weeks, 1979; Rojstaczer, 1988a;  ciency) to describe system response to barometric pres- Rasmussen and Crawford, 1997; Hare and Morse, 1997) .
sure changes (see summary in Rasmussen and Crawford, Low air permeability materials in the vadose zone can 1997). This is a significant assumption, as it has been suggested that the barometric efficiency can vary seasonally and with depth (e.g., Rojstaczer, 1988a 
where the first term in the parentheses represents fluid pressure produced by the water column above the transducer location, h p is the height of that column, P bar represents barometric pressure acting on the free water surface within the well, and P ref is the transducer reference pressure. Assuming that barometric pressure at the well head is equivalent to barometric pressure within the well bore, venting the transducer reference at the well head (Fig. 1a) leads to a true estimate of h p , and hence h t (h p ϭ P/␥ w ). However, unless fluids within the well are at equilibrium with the surrounding aquifer, h t measured in the well will not accurately reflect conditions in the aquifer.
In shallow vadose zones containing materials with high air permeability, gas phase pressure above the water table (P sg ) may equilibrate rapidly with changes in barometric pressure. In that case, the well configuration shown in Fig. 1a will produce water level measurements that accurately reflect conditions in the surrounding aq- of low air permeability that restrict pressure transmittal, cases, water level is measured by using a pressure transducer to P sg can differ significantly from P bar (Weeks, 1979) . As measure water pressure (P obs ) at a given elevation within the well. In the nonisobaric well, water levels in the well respond to changes a result, water levels in an unsealed well (Fig. 1a) will in atmospheric pressure (P bar ) and the pressure transducer is refershow an exaggerated response to barometric fluctua- gence will depend on both pressure transmittal through the vadose zone, and water transfer between the aquifer that isolates the measurement system from atmospheric and well bore. Because these transfer functions are uninfluences along the well bore, while using the gas presknown, simple correction for barometric fluctuations sure above the aquifer as the reference pressure. Then, measured at the well head cannot fully correct measured we describe a field implementation of our conceptual data. We also note that manual water level measuremodel. Field data collected during a 14-mo trial clearly ments using a steel tape or e-line, are equivalent to demonstrates that the isobaric design provides greatly those collected by a conventional data logger-pressure improved water level data and can allow additional intransducer and will also be affected by barometric pressight that would not be possible with a conventional sure fluctuations. measurement approach. We then conclude by summaAssuming a screened interval that extends across the rizing our results and suggesting possible extensions to water table, the aforementioned issues can be amelioour approach.
rated by implementing an isobaric well design (Fig. 1b) . By sealing the well bore against atmospheric pressure, the well is only connected to the atmosphere through
DESIGN APPROACH
the portion of the screen above the water table. ThereGroundwater flow is driven by changes in hydraulic fore, gas pressure within the well bore will equilibrate head, which represents potential energy per unit weight to the surrounding media (P sg ), and water levels within of fluid (units of length). Thermal, chemical, and inertial the well will accurately reflect conditions in the surenergy are expected to have a negligible influence on rounding aquifer. For a sealed well screened across the most groundwater flows; thus, total hydraulic head (h t ) water Finally, we eliminate barometric fluctuations from Eq.
[3] by referencing the pressure transducer to P sg immediately above the water table (Fig. 1b) . Since P sg equals P ref then: where z is the elevation above datum of the measurement point, and ␥ w is the unit weight of water (␥ w ϭ P obs ϭ ␥ w h p [4] w g, where w is the density of water and g is gravity).
thus removing barometric fluctuations from P obs. In practice, h t is commonly taken to be the water level elevation in an uncapped well and is monitored by sub-
FIELD IMPLEMENTATION
merging a differential pressure transducer to a known elevation (z) within the well (Fig. 1a) . For this situation,
The approach outlined in the previous section was implemented in an observation well penetrating the pressure measured by the transducer (P obs ) will be Eastern Snake River Plain (ESRP) aquifer (Fig. 2) . The aquifer acts as a confined system at some locations, and ESRP aquifer is a highly permeable basalt sequence in unconfined at others. southeast Idaho that extends about 270 km along the The observation well used to evaluate our approach, principal flow direction (northeast to southwest), and USGS-118, is located just outside the Radioactive Waste varies in width from approximately 50 to 100 km. The Management Complex at the INEEL (Fig. 2) . TransmisEastern Snake River Basalts consist of numerous dissivity of the ESRP aquifer at this site is about 100 m 2 crete flows intercalcated with thin fluvial and aeolian d
Ϫ1
, and the hydraulic gradient is about 0.5 m km
sediments. The basalt matrix is tight, as are many of the (Wylie and Hubbell, 1994) . Significant local sources of sedimentary interbeds; thus, flow is primarily restricted recharge are from losses in the ephemeral Big Lost to fractures within the basalt and rubble zones separatRiver channel and the spreading areas (infiltration baing the flows. The active portion of the aquifer is thought sins) used to control local flooding (Fig. 2) . to be about 100 to 200 m thick and underlain by rhyolite
The drill log for USGS-118 indicates sedimentary maand tuffaceous sediments (Pierce and Morgan, 1992) .
terials from land surface to 6.1 m bls, and basalt with Depths to water in the ESRP aquifer range from a few thin sedimentary interbeds to the bottom of the well at meters below land surface (bls) in the upland recharge 190 m bls (Fig. 3) . The 5-cm-diam. observation well was areas to more than 300 m bls in the center of the Snake screened across the water table from 179.9 to 185.3 m River Plain. Flow is predominantly horizontal; hydraulic bls, adjacent to basalt. Above the water table, four vapor gradients range between 0.5 and 16.4 m km
, with an extraction ports were added to the outside of the casing average of about 2 m km Ϫ1 (Lindholm, 1986) . Transmisfor monitoring the basalt (Hubbell et al., 1998) . The sivity of the ESRP aquifer is highly variable, generally borehole was packed with coarse sand (2-5 mm diameranging from 10 2 to 10 5 m 2 d
, and may locally exceed ter) over intervals adjacent to the screen and the vapor 10 7 m 2 d Ϫ1 (Whitehead, 1992) . Estimated storage coeffiports, with the remainder of the annular space sealed using bentonite and neat cement (Fig. 3) . The well cap cients vary from 10 Ϫ5 to 10
, suggesting that the ESRP reference point is located about 12 m above the water table, which is not optimal. Noting that there are numerous ways to implement an isobaric well, it would seem natural to extend the sand pack 1 to 2 m above the screened interval and insert a vapor port.
RESULTS
Data were collected from Well USGS-118 for 14 mo (March 1997 -May 1998 and are reported as height of water above the transducer (Fig. 5) . The water table remained within the screened interval throughout this test period. For the first month (March-April 1997), data were obtained with the transducer referenced to barometric pressure and the well unsealed (conventional approach). During this first month, water level data showed high frequency variation across a range of about 25 cm (2.25-2.5 m above the transducer), suggesting a noise signal approximately two orders of magnitude larger than the transducer resolution (0.23 cm). The significant fluctuations observed during this period are primarily due to barometric pressure changes at land surface relative to gas phase pressure above the water table and are of sufficient magnitude to mask the target information, which is water level changes resulting from recharge or discharge. Less significant sources for the observed fluctuations would include temperature changes, and the effects of fluids moving into and out of the well bore (delayed response). implemented. The well cap (Fig. 4) was sealed, and out against the 5-cm well casing by tightening the wing-nut. The one-holed, tapered rubber stopper is forced down into the tapered the transducer reference pressure was switched from shaft by tightening the cap nut, thus sealing around the transducer barometric to gas phase pressure at the lowest vapor leads. A stock rubber gasket from a mechanical test plug was used port (Fig. 3) . Rapid water level fluctuations observed in this test.
with the conventional approach were moderated in Ͻ1 h following conversion to the isobaric configuration. With was designed and built to isolate the interior of the well two exceptions, data for the remainder of the test show from atmospheric pressure fluctuations, while allowing a very small high frequency signal superimposed on a electrical leads to pass through (Fig. 4) .
long-term increase in water level that peaked on 24 Oct. A 70-kPa (10 psig) pressure transducer (Druck model 1997 and then declined for the remainder of the test. PTX-161/D) and a Hermit 1000C datalogger (In-Situ Within this long-term rise-decline cycle there were sevInc., Laramie, Wyoming) were used for this investigaeral smaller peaks, all of which were of considerably tion. The published accuracy at constant temperature smaller magnitude than the fluctuations observed durfor this combination is Ϯ0.05% full-scale range or 0.23 ing nonisobaric operation. The low noise data produced cm. Before fixing the depth of the transducer at 183 m during isobaric operation show that water levels in bls, we raised and lowered it within the borehole to USGS-118 are apparently correlated to flow in the Big verify proper operation. Normally, the pressure sensor Lost River, and subsequent recharge to the spreading is referenced to barometric pressure at the datalogger areas located 2.4 km to the west (Fig. 2) , with a time (gauge pressure); however, we implemented the isobaric lag on the order of 5 mo. Noise levels in nonisobaric design by referencing the transducer to the basalt interdata would have obscured this apparent correlation. val at 166.7 to 168.2 m bls (lowermost vapor port in Twice during the data collection period (27 June-7 Well USGS-118). The well was sealed from the atmoJuly 1997 and 1-20 Sept. 1997) the transducer was refersphere (Fig. 4) , and all other external vents on the datenced to barometric pressure as a test of the isobaric alogger were sealed. operation; in both cases, the well remained sealed. To We chose the vapor port as a reference for two reacompare measurements made in isobaric mode with sons. It was simple to access the gas pressure above the those made under nonisobaric conditions, we focus on water table with the existing vapor port and this design data from two 7-d-long segments marked A and B on allowed use of an off-the-shelf pressure transducer. As Fig. 5 . Nonisobaric data on the rising limb of the water an additional benefit, this particular design allowed us level curve was collected for the time segment marked to compare isobaric data to that collected under noniso-B (26 June-3 July 1997). For comparison, we arbitrarily chose segment A to cover a 7-d period (3-10 June 1997) baric conditions. The downside of our choice is that the of isobaric data on the rising limb; both data sets are from atmospheric pressure and referencing the water level pressure transducer to the air pressure immedishown in Fig. 6 . Fluctuations about a best-fit linear trend ately above the water table reduced the effects of barothrough each data set show a range of Ϯ 0.11 m in metric pressure fluctuations by more than an order of the nonisobaric mode (Fig. 6b) , and Ϯ 0.0012 m in the magnitude, significantly improving our ability to detect isobaric mode, which is close to the instrument's preciwater level trends at the study site. This technique can sion, and an improvement of nearly two orders of magbe applied to many existing wells, and new wells can nitude.
be constructed with little or no additional cost. Gas Interval B (Fig. 6) has isobaric measurements at the pressure above the water table (P sg ) can be accessed by start and finish of the data and conventional (nonisoscreening the well across the water table, or by installing baric) water level measurements in the interval between. a gas sampling port at the appropriate depth. It is imporThe time interval for barometric effects to nearly disaptant to note that this approach allows direct measurepear from measured data appears to be Ͻ1 h (Fig. 6) . ment of water levels at sites with deep vadose zones This response time can be expected to vary from site without having to correct data for barometric effects to site, depending on the construction of the well, the using unknown transfer functions. transducer-datalogger-well configuration, and the geoAs presented here, the isobaric well configuration is logic properties of the surrounding formation. Linear designed to provide data on changes in water level at regression of the isobaric data at the start and finish of a given location. Using this data to calculate hydraulic Segment B (dashed line) shows a slope (0.0026 m d Ϫ1 ) gradients and flow direction may require slight modifinearly identical to that for segment A (0.0025 m d Ϫ1 ), cation. Because gas pressure above the water table (P sg ) while the nonisobaric portion of Segment B shows a contributes to total hydraulic head (h t ), it must be facnegative slope of much greater magnitude (Ϫ0.0143 m tored into calculation of hydraulic gradients, unless of d Ϫ1 ). We also note that confidence in the linear fit is course P sg is the same at all measurement locations. The much poorer for the nonisobaric portion of Segment B isobaric technique can also be used to obtain better (R 2 ϭ 0.31) than for the isobaric data in Segment A estimates of aquifer hydraulic properties and hydraulic (R 2 ϭ 0.95). These results suggest that conventional boundary definition from aquifer tests. Because the remeasuring techniques (nonisobaric) could not be used sponse from pumping will not be masked by barometric to correctly determine the water level trend for a 7-d induced water level fluctuations, the isobaric well comperiod at this location.
pletion may allow a decrease in the pumping rate, or the placement of observation wells further from the pumping well.
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